The studies on the characterisation of glucosinolates (GLs) and their breakdown products in Brassicaceae species focus mainly on the edible parts. However, other products, e.g., dietary supplements, may be produced also from non-edible parts such as roots or early forms of growth: seeds or sprouts. Biological activity of these products depends on quantitative and qualitative GL composition, but is also strictly determined by GL conversion rate to chemopreventive isothiocyanates (ITC) and indoles. The aim of this study was to evaluate the conversion rate of GLs to ITC and indoles for various plant parts of chosen Brassica species in relation to their biological activity. For this purpose, the composition of GLs and their degradation products was determined as well as activity of myrosinase. Toxicological part of studies involved: MTT assay, restriction analysis, comet assay and Ames test. The composition of GLs and conversion rate to ITC and indoles was found to differ significantly between Brassica species and individual parts of the plant. The highest efficiency of conversion was observed for edible parts of plants: more than 70%, while in sprouts, it reached less than 1%, though myrosinase activity did not differ. The conversion rate directly affected biological activity of plant material. Higher concentration of ITC/indoles in the sample led to the increase of cytotoxicity. Majority of tested samples were able to induce covalent DNA modification in cell-free system. It was also confirmed that the presence of indolic GLs and products of their degradation stimulated mutagenicity, but did not lead to DNA fragmentation in cultured cells.
Introduction
Brassicaceae vegetables are the most promising food components in cancer prophylaxis. As demonstrated in several epidemiologic studies, consumption of these plants significantly reduces the risk of common human cancers, including lung [1, 2] stomach [1] , breast [3] or prostate cancer [4, 5] . The chemopreventive activity of Brassica plants is associated with the presence of secondary plant metabolites: glucosinolates (GLs) [6] . These phytochemicals, produced by plants for defence purposes, are hydrolysed by the enzyme myrosinase (β-thioglucoside glucohydrolase) to unstable intermediates: thiohydroxamate-O-sulfonates. Then, depending on environmental factors and activity of specifier proteins [7] [8] [9] [10] [11] , GLs are converted to: isothiocyanates (ITC), thiocyanates, nitriles or epithionitriles ( Fig. 1 ) [12, 13] . ITC with indolic side chains, because of their low stability, undergo further transformations to the corresponding alcohols [14] . One of them is indole-3-carbinol, wellknown chemopreventive agent [15] , which may give rise to further derivatives and/or condense to dimers and trimers, especially at low pH.
The most promising GL breakdown products, considering chemoprevention of chronic diseases, are ITC and indolic derivatives [16, 17] owing to their well-established anti-inflammatory [18] and anti-carcinogenic properties [19] [20] [21] [22] . The mechanisms behind health-promoting activities are strictly connected with strong electrophilicity and high bioavailability of ITC. For example, sulforaphane has been shown to be rapidly absorbed, achieving high absolute bioavailability at low doses in rats [23] . However, dose-dependent pharmacokinetics was evident, with bioavailability decreasing with increasing dosage. This was explained by the fact that at higher doses protein-binding sites become saturated, so that sulforaphane remains free and available for metabolism and excretion. The similar results were obtained for aromatic-phenethyl isothiocyanate [24] . For indoles, the mechanisms are not that well studied. Once in the cell, ITC are able to react with nucleophilic moieties of important biomolecules ( Fig. 1) , modifications of which often determine functioning of vital signalling pathways. For instance, ITC may cause imbalance in thiol-based redox homeostasis and lead to upregulation of transcription of cytoprotective proteins in two ways. First, by depleting glutathione (γ-Glu-Cys-Gly; GSH) which is a primary acceptor of ITC. In the reaction catalyzed by glutathione S-transferases [25] , a stable thiocarbamate conjugate is formed, GSH concentration drops as a result and the cellular oxidation level increases. Oxidative stress triggers Nrf2-dependent signalling pathways, making ITC an indirect antioxidant [26, 27] . Second, ITC may directly react with sulphide groups of Keap1 protein, which abolishes its interaction with Nrf2 and makes the latter translocate to nucleus, where it triggers expression of cytoprotective genes. What need to be also mentioned is that the complex with cysteinyl residues of GSH is reversible. Dissociation may occur depending on environmental conditions [28, 29] and ITC may be transported through the body and can react with various protein targets, such as proteins of cytoskeleton, redox regulators, proteasome, and mitochondrial or signalling pathways' components, as it was identified in experiments using 13 C labelled sulforaphane and phenylethyl-ITC [30] .
Although, reactions of ITC with thiols are almost one thousand times faster than with primary or secondary amino groups [31, 32] , the latter have been also reported. It was demonstrated that ITC can react with amino groups and form stable conjugates under physiological conditions [33] , e.g., with lysine residues of such blood proteins as albumin and haemoglobin [34] . Moreover, this type of reaction to thioureas may disrupt not only the structure of proteins, but also DNA. We have shown that ITC form conjugates with foodborne heterocyclic aromatic amines leading to the decrease of their mutagenicity [35] . It may be assumed that ITC are able to react also with such heterocyclic aromatic amines as purines and pyrimidines found in DNA. Indeed, the results of in vitro and in vivo investigations [21] suggested the genotoxicity and mutagenicity of some breakdown products of GLs. Alcoholic derivatives of indolic GLs-glucobrassicin, neoglucobrassicin, 4-methoxyglucobrassicin and 4-hydroxyglucobrassicinreadily formed DNA adducts and were highly mutagenic [36] [37] [38] . Furthermore, the degradation product of neoglucobrassicin (1-methoxy-indole-3-methanol) gave rise to substitutional DNA adducts with purines, both in vivo and in vitro, mainly N 2 -(1-methoxy-3-indolylmethyl)-dGua and N 6 -(1-methoxy-3-indolylmethyl)-dAde [39, 40] . The composition of GLs as well as myrosinase activity vary among individual parts of Brassica plants such as roots, leaves, stems, and is also diversified in different stages of growth of these plants [41] [42] [43] . This is due to the fact that these compounds are produced for protection against pathogens, and therefore, GL abundance changes depending on the stage of plant growth or function, Most of studies on the characterization of Brassicaceae species focused on edible parts of these plants [12, [44] [45] [46] [47] and rarely considered nonedible parts such as roots or stalks [48] [49] [50] . Neither was the conversion rate of GLs to bioactive ITC and indoles evaluated, although it seems very crucial for biological activity. The lack of GL degradation or their degradation to other breakdown products such as nitriles and epithionitriles was shown not to trigger detoxification mechanisms responsible for the anti-carcinogenic properties of Brassica vegetables [51, 52] .
In the present research, we have combined the chemical analysis and toxicological determinations for various parts and different stages of growth of Brassica plants to evaluate how GLs composition and their conversion rate is affecting the bioactivity of plant material.
Materials and methods

Materials
Seeds used in this research were produced by PNOS (Ożarowice Mazowieckie, Poland). All HPLC grade solvents were purchased from Merck (Darmstadt, Germany) and MS grade solvents from Sigma-Aldrich (Germany). Glucotropaeolin (GTL) was isolated from Cardamine pratensis (cuckooflower) in the Plant Breeding and Acclimatization Institute (IHAR), Poznań, Poland. Standard indolic compounds: indole-3-acetonitrile I3ACN and indole-3-acetic acid (I3AA) were purchased from Merck (Germany); 3,3′-diindolylmethane (DIM) and indole-3-carbinol (I3C) from Sigma-Aldrich (Germany). The latter company also was the source of other chemicals used in this study: 3-butenenitrile, 4-pentenenitrile, 3-phenylpropanenitrile, allyl isothiocyanate, 3-(methylthio)propyl isothiocyanate, benzonitrile, 1,2-benzenedithiol, myrosinase from Sinapsis alba (EC 3.2.1.147), sulfatase from Helix Pomatia H1 (22,400 units/g solid) and DEAE Sephadex A-25 anion-exchange resin, as well as reagents for electrophoresis. The biochemicals were purchased from different sources: molecular DNA weight standards from DNA Gdansk (Poland), restriction endonucleases HpaII, Tru1I and buffers Tango ® /R ® from Fermantas (Lithuania), nucleic acid gel stain SYBR ® Gold from Molecular Probes (USA), nucleic acid gel stain Gel Green ® from Biotium (USA) and MTT, cell culture McCoy's 5A medium, fetal bovine serum and streptomycin-penicylin antibiotics from Sigma-Aldrich (Germany). MPF 98/100 Ames test with all necessary reagents and bacteria strains were obtained from Xenometrix (Switzerland). Other not listed chemicals and biochemicals were purchased from Sigma-Aldrich (Germany) and were of the appropriate grade.
Plant material
Studied Brassica plants: radish (Raphanus sativus var. sativus), Brussel sprouts (Brassica oleracea var. gemmifera), savoy cabbage (Brassica oleracea L. var. sabauda L.) and white cabbage (Brassica oleracea var. capitata) were obtained from a local organic farm (Czapielsk, Poland). After harvest, individual parts of plants (e.g., leaves, stalk, and root) were separated and lyophilized, then ground and stored at − 20 °C until investigation. Seeds were divided into two parts. One portion was lyophilized, ground and stored at − 20 °C. The other was placed in germination plates for sprouting and transferred to a phytotron (photoperiod: 16 h of light, 8 h in the dark) with controlled temperature (25 °C).
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The seeds were sprinkled twice a day with 600 mL of mineral water (Żywiec Zdrój S.A.). After 7 days, sprouts were harvested, washed and kept freeze-dried at − 20 °C until investigation.
Glucosinolate (GL) analysis
To determine the content of GLs, the ISO 9167-1 method with modifications described previously [1] was used. For this purpose, 100 mg of each plant material was submitted to extraction and enzymatic desulfation. Obtained desulfo-glucosinolates (ds-GLs) were analyzed by an LC-DAD-ESI-MS system (Agilent Technologies) using a Grace Altima HP AQ RP-C18 column (150 × 4. 
Determination of total isothiocyanate (ITC) content
The content of ITC was determined by a modified method developed by Zhang et al. [53] with modifications [54] . Lyophilized plant material (0.2 g) was mixed with 5 mL of 0.01M sodium phosphate buffer (pH 7.4) and incubated for 3 h at 37 °C to achieve complete myrosinase catalyzed conversion of parent aliphatic and aromatic GLs into degradation products. The samples were concentrated on Bakerbond SPE C18 500 mg cartridges (J. T. Baker, Center Valley, PA). Concentrated ITC extracts (0.1 mL of the eluate) were submitted to cyclocondensation reaction in a mixture containing 0.5 mL of 2-propanol, 0.5 mL of 0.1M potassium phosphate buffer (pH 8.5), and 0.1 mL of 60 mM 1,2-benzenedithiol dissolved in 2-propanol. After 1 h at 65 °C, the product of reaction, 1,3-benzenedithiol-2-thione, was analyzed by reverse phase HPLC using an Agilent 1200 system coupled with a DAD detector. The reaction mixture (30 µL) was injected onto a 150 mm, 4.6 mm, 3.5 mm Zorbax Eclipse XDBC8 column. The mobile phase used was 4.8% [v/v] formic acid in water (A) and methanol (B) with a flow rate of 1 mL/min. The gradient changed as follows: 60% B to 100% B within 12 min, then 100% B for 3 min. Chromatograms were traced at 365 nm.
Determination of hydrolysis products of indolic GLs
To determine the indole content in the plant samples, the same eluates as for ITC analysis were used. The HPLC-DAD-FLD system (Agilent Technologies 1200 Series) equipped with a Zorbax Eclipse XDB-C8 column was employed for the analysis of indolic compounds as described previously [54] . A linear gradient of acetonitrile in water changing from 10 to 100% within 30 min, the mobile phase flow 1 mL/min and the injection volume of 20 µL were applied. Monitoring of florescence of indolic analytes was carried out at 280/360 nm (Ex/Em).
Determination of other GL breakdown products
For the determination of other GL breakdown products, lyophilized plant powder (0.03 g) was dispersed in 0.75 mL of 0.01 M sodium phosphate buffer solution (pH 7.4) and incubated for 3 h at 37 °C to allow GL hydrolysis. Afterwards, benzonitrile (≥ 99.9%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was added as an internal standard. The hydrolysis products were extracted with methylene chloride as described previously [54] and subjected to analysis. GC-MS analysis was performed as reported previously [55] .
Determination of myrosinase activity by pH-stat method
The determination of myrosinase activity was based on pHstatic method optimized by us previously [52] . The lyophilized plant samples (0.5 g) were suspended in 15 mL of 80 mM NaCl (pH adjusted to 6.5 with 1 mM HCl), transferred into ice bath and homogenized (6500 rpm for 5 min) to completely liberate the enzyme. Initial hydrolysis of endogenous GLs was carried out by stirring the reaction mixture at 37 °C with monitoring pH value. When pH of the mixtures stabilized at the level of 6.5, 15 mL of 2.5 mM glucotropaeolin was added and its hydrolysis was carried out at 37 °C. To maintain constant pH at a 6.5, the 1 mM NaOH solution was dosed using T70 titrator (Mettler Toledo) set at pH-stating option. Myrosinase activity was calculated based on the quantity of 1 mM NaOH required to neutralize H + ions released during hydrolysis expressed as mmoles of hydrolysed GTL per min per 1 g of dry weight (U/g dw of plant sample).
MTT cytotoxicity assay
For preparation of water extracts for MTT assay, as well as for other biological tests, extracts were prepared by suspending 0.25 g of each ground or freeze-dried plant material in 5 mL of cold redistilled water. The suspension was homogenized (10,000 rpm, 5 min, 4 °C), the blade and vessel rinsed with 5 mL of new portion of cold redistilled water, combined with homogenate, and then the whole mixture was centrifuged (5000 rpm, 20 min, 4 °C). The supernatants were sterilized by filtration (Millex-GP 0.22 µm filters, MerckMillipore) and stored in single-use portions at − 80 °C. HT29 (human colon adenocarcinoma) cells from ATCC collection were grown in McCoy's medium supplemented with l-glutamine (2 mM), sodium pyruvate (200 mg/mL), fetal bovine serum (10% [v/v]) and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin). The cells were grown at 37 °C in humidified atmosphere containing 5% CO 2 in a Smart cell incubator (Heal Force). Cells were seeded in 96-well tissue culture plates (about 15,000 cells/well in 0.15 mL) and allowed to settle for 24 h at 37 °C. Then, the cells were treated for 3 h, 6 h, 24 h and 72 h with 0.05 mL of different concentrations of tested water plant extracts diluted with redistilled water. In the case of shorter exposure, the medium was aspirated after 3 h, 6 h and 24 h from the wells, replaced with fresh medium and the cells were incubated at 37 °C up to 72 h. After 72 h of incubation, 0.05 mL of MTT solution (4 mg/mL) was added and cells were left for another 4 h at 37 °C. Finally, medium was carefully removed from wells, and formazan crystals formed were dissolved in 0.05 mL of DMSO. The absorption of the resultant solutions was determined at 540 nm using a TECAN Infinite M200 plate reader (Tecan Group Ltd., Switzerland). The cytotoxicity was expressed as growth inhibition of cells exposed to tested water plant extracts compared to controls (non-treated cells whose growth was regarded as 100% cell growth). The results are presented as Accumulated Survival Index (ASI), calculated as the sum of areas under the cell growth curves for each time of exposure of cells on studied sample as proposed before [56] .
Determination of genotoxicity by comet assay with simultaneous evaluation of cell growth inhibition
The influence of water plant extracts, the same that were used for MTT assay, on genetic material integrity in HT29 cell line was evaluated by comet assay. One day prior the experiments, the cells were seeded in 24-well plates using a volume of 1.8 mL and the density of 100 or 200 thousand cells per well for 3 or 18 h exposure, respectively. The cells were treated with the investigated extracts at concentrations equivalent to 0.5 mg dw/mL and 2.5 mg dw/mL for 3 h or at a concentration equivalent to 0.5 mg dw/mL for 18 h at 37 °C in incubator (Heal Force) maintaining humidified atmosphere containing 5% CO 2 . Based on MTT assay results, non-cytotoxic concentrations were selected. For negative control, PBS buffer instead of water plant extracts was used and for positive control H 2 O 2 diluted with PBS buffer to a concentration of 450 µM.
After exposure, cells were trypsinized, re-suspended in 2 mL of fresh medium and 0.5 mL of this suspension was taken for cell counting, while 1 mL was used for comet assay. The remaining in the plate 0.5 mL of the suspension was filled up to 2 mL with fresh medium, left in the same plate for the additional 48 h in the same incubator and then cell number in each well was determined again. For comet assay, the cells were spun down (4000 rpm, 15 
Determination of mutagenicity by Ames MPF test
The induction of mutation was studied using microplate version of Ames test, performed in liquid bacterial culture [57] . Salmonella typhimurium TA98/TA100 strains were used with and without metabolic activation by rat liver microsomal fraction S9 isolated from phenobarbital 5/6 benzoflavone-induced (Xenometrix, Switzerland). The bacteria were exposed on water plant extracts prepared as described above, at a concentration equivalent to 1 mg dw/ mL for 1.5 h at 37 °C. Positive controls used were: 2NF (2-nitrofluorene, for TA98 − S9), 4-NQO (4-nitroquinoline N-oxide, for TA100 − S9) and 2-AA (2-aminoanthracene, for TA98/TA100 + S9). The procedure followed strictly manufacturer's recommendation available from the website: http://www.xenom etrix .ch.
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Covalent DNA modification in a cell-free system by restriction analysis
To determine the ability of compounds present in water plant extracts to modify DNA in a cell-free system, the restriction analysis technique described previously was employed [58] . Briefly, this method employs a 695 bp long DNA amplicon that contains two restriction sites: one consisting of GC base pairs recognized by restriction endonuclease HpaII and the other consisting of AT base pairs recognized by the enzyme Tru1I. The modification of the restriction sites abolishes their recognition and thus cleavage by the restriction enzymes. For the experiment, 55 µL of water plant extracts, from which the myrosinase enzyme (30 kDa) was removed by filtration (nanosep ® filter, cut-off 10 kDa, PALL) was added to 5 µL of 25 ng/µL DNA amplicon (final concentration 2 ng/µL). For negative control, water instead of plant extracts was used. The reaction of DNA modification was carried out for 2 h at 37 °C. Afterwards, the samples were submitted to extraction with chloroform/isoamyl alcohol 24:1 [v/v] in a ratio of 1:1 [v/v] to remove the remaining proteins and unbound compounds. The mixtures were vortexed vigorously (30 min; at room temperature) and centrifuged for 15 min at 10,000 rpm. The water fractions were collected, divided into two separate portions of 20 µL each and submitted to cleavage by restriction endonucleases by adding 2 µL either digestion mixes containing HpaII or Tru1I. Digestion mixes included for HpaII: 1 U of enzyme per 40 ng of DNA and 1 µL of 10× buffer Tango ® (33 mM Tris-acetate, pH 7.9; 10 mM Mg acetate; 66 mM K-acetate 0.1 mg/mL BSA) per each 10 µL of the sample and for Tru1I: 2 U of enzyme per 40 ng of DNA and 1 µL of 10× buffer R ® (10 mM Tris HCl at pH 8.5, 10 mM MgCl 2 , 100 mM KCl, 0.1 mg/mL BSA) per each 10 µL of the sample. DNA cleavage was carried out for 4 h at 37 °C. For the analysis of DNA fragments generated as a result of DNA amplicon cleavage by the restriction enzymes, polyacrylamide gel electrophoresis in non-denaturing conditions (native-PAGE) was used. The samples (15 µL) combined with 5 µL of loading buffer (15% [w/v] Ficoll, 0.25% [w/v] bromophenol blue) were loaded onto 6% polyacrylamide gel. Electrophoretic separation was carried out for 90 min at 90 V in TBE buffer (89 mM Tris, 89 mM boric acid, 50 mM EDTA, pH 8.3). DNA bands were stained by submerging gels in SYBR ® Gold solution (10 µL of commercial preparation per 100 mL of TBE buffer) for 20 min at 4 °C. DNA bands were visualised on UV transilluminator and gels were photographed using a digital camera (Canon EOS 1000D). Table 1 presents the composition of GLs found in different plant parts and stages of growth for four species of Brassica vegetables studied. As can be seen, not all possible GLs were biosynthesized in each sample. In most cases, a nearly complete utilization of genetic potential was observed in sprouts, while the lowest GL variety often occurred in the edible parts (marked in bold in Table 1 ). In addition, the quantitative composition of GLs differed significantly between individual parts of Brassica plants. For example, sinigrin concentration varied from 3.05 ± 0.007 µmol/g dw in leaves to 24.58 ± 5.84 µmol/g dw in sprouts of white cabbage and from 0.76 ± 0.02 in leaves to 17.20 ± 1.78 in seeds of savoy cabbage. In general, the highest content of GLs (Table 2 ) was determined in seeds (from 21.03 ± 3.52 to 41.09 ± 6.7 µmol/g dw) and sprouts (from 16.03 ± 1.76 to 41.30 ± 7.97 µmol/g dw); in the case of white cabbage also in roots (22.08 ± 1.97 µmol/g dw). Bellostas et al. have shown that total concentration of GLs in seeds of Savoy and white cabbage was approximately 120 µmol/g dw and decreased slightly in 7-day-old sprouts to 100 µmol/g dw [49] , which is even 2-5 fold higher than detected by us ( Table 2 ). In white cabbage leaves, according to Kusznierewicz et al., this value oscillated between 3.3 µmol/g dw and 7.7 µmol/g dw [44] . In studies on 5 varieties of radish, total GLs content ranged from 76.9 to 133.9 µmol/g dw in sprouts and from 17.1 to 100.1 µmol/g dw in bulb [59] . Moreover, every day after seed germination, as it was observed for nine Brassica species, the concentration of these organosulfur compounds was decreasing even by 80% [50] . Our samples were collected over several week periods, so most probably prolonged storage explains the lower abundance of GLs.
Results
Composition of GLs
Of special interest were to us indolic GLs: neoglucobrassicin and 4-methoxyglucobrassicin, whose mutagenic properties are best documented [36] [37] [38] [39] [40] . In contrast to intuition, with the exception of radish, edible parts of plants studied contained the highest amounts of indolic GLs (Table 1) . However, the most mutagenic neo-GBS was not the major indolic GL. Nonetheless, neo-GBS and/ or 4-OMeGBS were found in almost all samples, e.g., concentration of neo-GBS differed from 0.08 ± 0.02 in white cabbage leaves up to 1.19 ± 0.15 in Brussels sprout heads, to as much as 2.95 ± 0.07 µmol/g dw in Savoy cabbage sprouts. Wiesner et al. reported that in pak choi (Brassica rapa spp. Chinensis) sprouts exposed on methyl jasmonate, the neo-GBS content in extract amounted to 158 nmoles/mL (approximately 0.23 µmol/g dw) and it caused high mutagenic effect against Salmonella typhimurium TA100 [60] . 
GL conversion to ITC and indoles
In this study, the total concentrations of main degradation products: isothiocyanates ITC, indoles, nitriles and epithionitriles, were determined for the investigated plant material obtained from individual parts or stages of growth for four representative crops from Brassica family ( Table 2 ). In addition, the activity of myrosinase, the enzyme initializing degradation of GLs, was measured. The obtained results were used to calculate the rate of GL hydrolysis to the most bioactive derivatives, i.e., ITC and indoles. The results collected in Table 2 and their graphic presentation (Fig. 2) clearly show that the conversion rate of GLs to ITC and indoles varied significantly between individual parts of investigated Brassica plants. With the exception of radish, ITC and indoles were the most abundant GL hydrolysis products in edible parts: 72.80% in white cabbage leaves; 59.08% in Brussels sprouts heads, 33 .94% in Savoy cabbage leaves. Only radish sprouts were rich in these bioactive derivatives (conversion rate − 42.5%); the sprouts of other three plants contained mostly nitriles and epithionitriles. Hydrolysis products of indolic GLs were detected in their unconjugated form in amounts smaller than 50% of total indolic GLs; the remaining portion probably formed other oligomers than 3,3′-diindolylmethane [61] or reacted with ascorbigen [62] not detected in our analytical system. To date, the determination of conversion rate of GLs to degradation products has been performed only by few research groups. Similarly to our findings, De Nicola et al. showed that there was a difference in conversion rate of GLs to ITC in sprouts of various Brassica species from 18.7% in broccoli (Brassica oleracea var. italic) 68.5% in kale (Brassica oleracea var. sabellica), up to 96.5% in Daikon (Raphanus sativus var. Longipinnatus) [63] . In studies on eight varieties of radish carried out by Hanlon and Barnes, the calculated conversion of GLs to ITC oscillated in sprouts from 17 to 69% and in bulbs from 6% to 44% [59] . In our studies, this value for radish sprouts and bulb was 42.5% and 5.74%, respectively. Myrosinase activity seemed less variable (from 0.31 to 1.38 U/g dw) than the contents of its substrates. The conversion rate of GLs to ITC and indoles was not clearly correlated with myrosinase activity. For instance, in the case of Brussels sprouts, a very weak inverse correlation between this enzyme activity and conversion rate to bioactive derivatives was observed (Pearson coefficient − 0.63). In the case of Savoy cabbage, some positive correlation of these parameters could be seen (Pearson coefficient 0.6), while for white cabbage there was no correlation (Pearson coefficient − 0.23). Our previous study on broccoli, mustard and cabbage sprouts has also shown that low GLs degradation to ITC at the level of 1% cannot be ascribed to the lack of MYR activity, which was on the level from 0.8 to 1.3 U/g dw [54] . Moreover, at least some sprouts exhibit even higher or comparable activity of myrosinase as mature forms of the plants [52] .
Cytotoxicity
For determination of cytotoxicity, the human colon cancer cell line HT29 was chosen as a model of alimentary tract. The growth inhibition results are presented as Accumulated Survival Index (ASI) calculated as the sum of areas under the cell growth curves for each time of exposure of cells. Higher concentration of ITC/indoles in the sample led to the increase of cytotoxicity (lower ASI) (Fig. 3) . The inverse correlation was found for the samples of Savoy cabbage and white cabbage (Pearson coefficient − 0.97 and − 0.98, respectively), but it was not the case for radish and Brussels sprouts. It can be explained that cabbages were rich in sinigrin (SIN) and gluconasturtiin (GST), that were hydrolysed to allyl isothiocyanate (AITC) and phenethyl isothiocyanate (PETIC), respectively, whereas in Brussels sprouts, GST and in radish SIN and GST were not detected. In addition, in radish samples, only two GLs were detected, the predominant: glucoraphanin (GRE) and glucoraphasatin (GRH), whose concentration was correlated with ASI (Pearson coefficient − 0.89). However, it appears that it was not related as such with concentration of ITC and indoles (Pearson coefficient Fig. 2 Percentile conversion rate of glucosinolates to breakdown products: isothiocyanates and indoles, nitriles, epithionitriles and other derivatives that include various products of degradation as well as not degraded GLs. All values were calculated on the basis of data given in Table 2 − 0.47), but rather to nitriles (Pearson coefficient − 0.88). This result contrasts other recent reports, which suggest that mainly ITC are responsible for cytotoxicity in in vitro [64] and in vivo models [65] . Recently, it was shown that the differences in HPLC fingerprints obtained for cruciferous plant extracts, indicating the presence of different chemical constituents, were mirrored by the varying antiproliferative activity against the HCT116 cell line [66] . In the case of Brussels sprout samples, the strongest inhibition of HT29 cell growth was observed for heads and it seemed associated with the concentration of degradation products of indolic glucosinolates: GBS, 4-OH-GBS, 4-OMe-GBS and neo-GBS. Especially, for the latter, there are a number of reports demonstrating its genotoxicity and mutagenicity [36] [37] [38] [39] [40] .
The ability to induce DNA damage
Covalent DNA modification in a cell-free system
The restriction analysis method can provide comprehensive knowledge about the ability of low-molecular weight compounds to bind covalently with DNA, including recognition of preferential binding site(s) [58] . The water extracts obtained from individual parts of Brassica plants displayed a variable ability to cause covalent DNA modification in cell-free system. In the case of white cabbage, the components of root and seed extracts modified DNA to the highest extent (Fig. 4) . However, it was not possible to correlate this result neither with ITC nor with GL concentration. The similar level of ITC concentration was observed in leaves (4.88 µmol/g dw), roots (5.51 µmol/g dw) and seeds (4.14 µmol/g dw), but there was no inhibition of cleavage by restriction enzymes. In addition, the highest concentration of GLs was detected in sprouts, and again there was no effect of DNA modification. In the case of all extracts from individual parts of Brussels sprouts, the increased ability to cause DNA damage was shown. The strongest effect was determined for sprouts, where the total inhibition of enzymatic cleavage was observed and seeds, where total DNA degradation occurred. In both situations, the concentration of progoitrin (PRO) was high (seeds 13.09 and sprouts 5.51 µmol/g dw). Within the parts of Savoy cabbage and radish, that exhibited the smallest diversity when it comes to GL composition, the increase of DNA modification was also observed. However, it is difficult to find any significant link between GLs/ITC composition and effect on DNA. This may indicate the crucial role of environmental factors such as pH, redox conditions etc. Common for almost all extracts was the preferable site of DNA modification, which was AT base pairs (recognized by enzyme Tru1I). This may point to the nucleophilic nature of modifiers. Further interesting observation to be highlighted is that parts, which are recognized as edible ones, i.e., leaves of white and Savoy cabbages, heads of Brussel sprouts and bulb of radish, caused the lowest DNA modification in our experimental cell-free system, compared to parts regarded as non-edible.
In the next stage of this study, the ability of compounds present in the water extracts from the sprouts and the edible parts of investigated Brassica species to modify DNA after metabolic activation with S9 microsomal fraction isolated from rat liver was examined. The S9 fraction is enriched in cytochrome P450, thus phase I detoxification enzymes involved in activation of many xenobiotics. The obtained results did not show unequivocally that metabolic activation increases the ability of DNA modification (Fig. 5) . Only the extract from white cabbage leaves increased significantly the inhibition of enzymatic cleavage. However, in none of the cases, the decrease of such an effect was observed.
DNA fragmentation in eukaryotic cell culture
The influence of plant extracts studied on genetic material integrity in eukaryotic cell line HT29 was evaluated by comet assay. The obtained results showed that water extracts from seeds of investigated Brassica species displayed the highest ability to cause DNA fragmentation. It varied from 16.7% of DNA in comet tail for Savoy cabbage; 22.8% for white cabbage; 24.6% for Brussels sprouts to 37.20% for radish sprouts (Fig. 6 ). In addition, extracts from sprouts (with the exception of radish sprouts) and from heads of Brussels sprouts caused slight increase of % DNA in comet tail (± 10%) compared to other parts. However, this damage was observed only for 3-h long incubation at a relatively high concentration of 2.5 mg of dw/mL, for which only in the case of radish seed extract, the cell growth was inhibited. Thus, it can be presumed that 3 h period of exposure was sufficient to induce DNA fragmentation, but not to repair DNA. The strongest decrease in HT29 cell number in this series of experiments was determined for the extracts from 4 Restriction analysis of covalent modification of DNA amplicon resulting from the treatment with Brassica extracts studied. DNA amplicon (695 bp) was incubated for 2 h at 37 °C with the extracts. Unbound compounds were removed before enzymatic digestion by extraction with chloroform:isoamyl alcohol 24:1 [v/v]. DNA fragments were generated as a result of endonucleolytic cleavage of DNA amplicon by restriction enzymes HpaII (GC specific) or Tru1I (AT specific). For the cleavage control, water was used instead of plant extracts. To avoid unspecific DNA degradation, myrosinase was removed from the extracts by ultrafiltration (MWCO 10 kDa) radish seeds and sprouts, white cabbage stump and leaves and Savoy cabbage seeds for 18 h incubation at the concentration of 0.5 mg of dw/mL. These samples tended to be characterized by high amounts of ITC and indoles and/or substantial rate of GL conversion to these bioactive degradation products. Other researchers in in vivo studies demonstrated that cabbage extract (Brassica oleracea L. var. acephala) did not induce DNA strand breaks in mouse cells, neither was genotoxic [67] . Human studies showed that ITC and ITC-rich products induced DNA damage upon shortterm treatment, but that damage disappeared quickly and without affecting DNA base excision repair [68] .
Mutagenicity in prokaryotic cell culture
There are reports indicating that Brassica vegetables contain compounds that may induce point mutations. For example, it has been shown almost two decades ago that crude juice from these plants as well as phytopharmaceutical preparations caused a dose-dependent mutagenicity in Salmonella typhimurium TA98 and TA100 strains [69] . The strongest effect was observed for Brussels sprouts. A similar effect was also observed for broccoli homogenate [70] . Although the composition of the mentioned samples was not evaluated, the mutagenicity was attributed to GLs and their degradation products. However, in both studies highly concentrated juices were used in which histidine concentration was high, up to 75 µg/mL, which might have led to falsepositive results [71, 72] . The mutagenic effects generated in Ames test by allyl [73] , phenethyl [69] and methyl [74] ITC have been also reported. The recent studies have indicated that derivatives of indolic GLs: neo-GBS, 4-OH-GBS and 4-OMe-GBS, were responsible for mutagenicity of Brassica species in prokaryotic and eukaryotic cells [36] [37] [38] . Moreover, the level of neo-GBS mutagenicity was comparable with that of typical carcinogens such as benzo(a)pyrene and 2-acetylaminofluorene. In our study, the mutagenic effects were assessed for S. typhimurium strains: TA98 and TA100 with or without rat liver microsomal fraction S9 (Fig. 7) . The induction of mutations was not observed in the case of TA98 strain and the presence of S9 seemed rather to inactivate the most mutagenic components present in some extracts. In TA100 strain without S9 fraction, the mutagenicity of several extracts was detected. These were parts of Brussels sprouts: heads (18.8 revertant colonies per plate) and sprouts (11.5 revertant colonies per plate), where this effect could be associated with high concentration of neo-GBS in these parts: 1.19 µmol/g dw and 0.46 µmol/g dw, respectively. These indolic GLs were found also in the parts of white and Savoy cabbage, for which also the slight increase of revertant colonies was seen. The exception was the extract from Savoy cabbage roots in which the highest concentration of neo-GBS was determined (2.95 µmol/g dw), but its mutagenicity did not reach the threshold.
Discussion
The research on Brassica vegetables mostly considers edible parts of these plants. Our study focused on plant material obtained from different individual parts or stages of growth of Brassica species. Such an approach revealed, that there are significant differences in GL composition and their conversion rate to bioactive derivatives within not only one species, but even the same plant (Tables 1, 2) . Understanding of both these elements is crucial, because the preferential Fig. 5 Restriction analysis of covalent modification of DNA amplicon resulting from the treatment with Brassica extracts studied following their metabolic activation. For metabolic activation, Brassica extracts were incubated with rat liver microsomal fraction S9 for 15 min at 37 °C. Then, the extracts were mixed with DNA amplicon (2.5 ng/ µL) and incubated for 2 h at 37 °C. Microsomal proteins and unbound compounds were removed by thermal heating (15 min, 55 °C) and extraction with chloroform:isoamyl alcohol 24:1 [v/v] . DNA fragments were generated as a result of endonucleolytic cleavage of DNA amplicon by restriction enzymes HpaII (GC specific) or Tru1I (AT specific). To avoid DNA degradation, myrosinase was removed from plant extracts studied by ultrafiltration ( MWCO 10 kDa) degradation of GLs to ITC and indoles is believed to determine the health-beneficial potential of Brassica plant material [21] . We have shown before that the extract from white cabbage sprouts, in which the conversion rate of GLs to ITC and indoles, was at the level of 1% did not induce detoxification enzymes in human colon cancer HT29 cell line, while such an induction was clearly seen for the leaf extract from the same plant, where 72% of GLs were converted to these biologically active derivatives [54] . The presented here results confirmed the association between cytotoxicity and total concentration of ITC and indoles; only for samples with high conversion rates of GLs to ITC and indoles cytotoxic effect was observed (Fig. 3) . In addition, for a number of other cancer cell lines such as lung, stomach, breast, colon, prostate cancer, it has been reported that the composition of ITC influenced the cell growth [1] [2] [3] [4] [5] . Moreover, red cabbage extract was demonstrated to selectively inhibit proliferation of HeLa and HepG2 cell lines, but did not have such an effect on normal cell PBMC [75] . This finding is extremely important for cancer chemoprevention, as it demonstrates the selectivity of ITC towards cancer cells.
The presented results also point to the fact that the efficient conversion of GLs to ITC and indoles depends not only on myrosinase activity, which was preserved in all samples examined ( Table 2 ). The low GL conversion to ITC and indoles as in our study, especially for sprouts of white cabbage (0.72%), Brussels sprouts (3.29%) and savoy cabbage (5.43%), was also reported for broccoli and mustard [54] . However, it was not the case for radish (42.50%) and for Daikon (96.50%) [63] . Most probably, Growth inhibition determinations are given as % of control assuming the number of non-treated cells as 100%. The cell numbers were evaluated first just after incubation with plant extracts and a second time after 48 h long post-incubation with fresh medium (+ 48 h). All results presented are means ± SD of three independent experiments carried out in duplicates this diversity results from the changeable activity of additional enzymes such as ESP or NSP-like proteins. They react with the intermediary thiohydroximate sulfonate and redirect GL degradation towards other than ITC derivatives [59] . There are many studies showing how storage or processing influence formation of GL derivatives [76] [77] [78] [79] . However, the issue of how additional proteins such as epithiospecifier modifier protein (ESM) [9] nitrile-specifier proteins (NSP) [8] , thiocyanate-forming protein (TFP) [80] and epithiospecifier proteins (ESP) [81, 82] , influence enzymatic hydrolysis has not been specifically addressed. Only recently Hanschen et al. [83] , has identified ESP and NSP to favour nitrile formation, whereas the epithiospecifier modifier protein (ESM) to promote ITC formation.
As regards the toxicological part of our study, it could be presumed that cytotoxic activity of extracts obtained from individual parts of Brassica vegetables can be influenced by several factors. Our previous research on Brassica species sprouts, indicated that conversion rate decisive for the concentration of ITC/indoles is the factor directly affecting biological activity of plant extracts; their cytotoxicity and efficacy in the induction of detoxification enzymes [54] . The current, not always convincing, correlations between ITC/ indoles content and cell growth inhibition suggest that these interdependencies are not necessarily so simple. One piece of information that is missing is the abundance of individual ITCs or indoles that most probably differ in biological activity. The same conclusion seems to hold in the case of experiments on genotoxic effects.
The presented results of the restriction analysis (Fig. 4 ) suggest that compounds present in the investigated extracts may modify DNA in a cell-free system, though it was not possible to clearly pinpoint the relationship between GLs/ ITC content or composition and the ability of covalent modification of DNA besides progoitrin (PRO). The presence of the latter compound, which is a precursor of goitrin (responsible for decreasing level of thyroid hormones) lead to the increase of DNA damage. However, it must be remembered that at least some of the considered bioactive components are not stable compounds. Progoitrin under the influence of nitrite in the acidic environment may be converted to N-nitroso-oxazolidon with proven mutagenic properties [84] . Other phytochemicals present in the investigated extracts may interact with the matrix, e.g., nitrates, iron ions or amino acids, under the influence of which they can undergo a series of chemical reactions such as oxidation, reduction with altered chemical properties [49, 76] .
The presence of indolic GLs and products of their enzymatic degradation resulted in the enhanced mutagenic effect in Ames test (Fig. 7) . However, the cytochrome P450 isoenzymes seem to be able to reduce markedly the occurrence of mutagenic derivatives. This is consistent with the results of another research group [69] and somewhat contradict our restriction analysis results. However, the latter method gives no opportunity for further chemical transformations, in contrast to bacterial or eukaryotic cellular systems. Products of indolic GLs degradation, like many aromatic alcohols, heterocyclic amines, aromatic and polycyclic aromatic hydrocarbons [85] may be activated via conjugation with sulfuric acid catalyzed by SULTs, the enzymes belonging to second detoxification phase [38] . This metabolic pathway can often lead to the formation of reactive metabolites, including ultimate carcinogens and mutagens [86, 87] as was confirmed in in vitro and in vivo studies for N-methoxy-indole-3-carbinol (NI3C), a compound indicated as responsible for genotoxic effects of Brassica plants [36] [37] [38] . It was established that NI3C forms DNA adducts by nucleophilic substitution mainly with purine bases [39, 40] . However, the results of our comet assay experiments indicated that bioactive derivatives of GLs did not lead to persistent strands breaks or disintegration of DNA (Fig. 6) . The increase of % DNA in comet tail was observed only for seed extracts after 3 h incubation and it was not convincingly related to the abundance of any specific components of extracts. Similarly, other studies showed that Brassica plants did not affect DNA integrity of mouse cells [67] . Human population studies revealed that high doses of ITC may lead to short-term DNA damage, but this was reversed quickly by DNA base excision repair [68] . In terms of consumer safety, derivatives of indolic neo-GBS that form DNA adducts with high efficiency, should in longterm perspective be avoided, at least until their safety is not unequivocally confirmed.
Conclusions
In the light of our study, consuming edible parts of Brassica vegetables does not seem to be of risk for the consumers. In contrary, health-beneficial anti-carcinogenic and antiinflammatory effects are associated with the high conversion of GLs to ITC and indoles. However, depending on the part plant, the composition of GLs may vary and activity of specifier proteins may alter the conversion rate of GLs to ITC/ indoles resulting in the formation of less active or even more toxic derivatives. Therefore, definitely more attention should be paid to dietary supplements. These phytopharmaceuticals may be produced from regarded as non-edible parts of Brassica vegetables or different stages of growth. They are rarely subjected to toxicological evaluation before launch into the market. In best-case-purely-beneficial scenario, concentration of non-mutagenic GLs is high and activity of myrosinase is preserved. However, if conversion of GLs to ITC/ indoles is inhibited for any reason, then health-promoting effect will be reduced and limited to GL autohydrolysis or hydrolysis by intestinal microflora. In the worst-case scenario, the concentration of neoglucobrassicin and its derivatives will be high, which may increase risk of triggering carcinogenic processes. Our results suggest that Brassica plant extracts do not pose big genotoxic risk; however, there may be expected substantial variability between plant samples and thus toxicological assessment of concentrated preparations intended for human consumption is needed.
